chloroplast mutator (chm) of Arabidopsis i s a recessive nuclear mutation that causes green and white variegation in leaves and i s inherited in a non-Mendelian fashion. In this study, we have identified and characterized a mutant observed in F, and backcrossed BC, populations from a cross between c h m l -3 and ecotype Columbia. This mutant, maternal distorted leaf (MDL), grows very poorly and is distinguished by distorted rough leaves and aborted flowering organs. Electron microscopic observation showed that in MDL plants, a significant portion of mitochondria are abnormal and appear to be nonfunctional. DNA gel blot and sequence analysis of the MDL mitochondrial DNA (mtDNA) revealed rearrangements in two mtDNA fragments associated with rps3-rpl76 genes (encoding ribosomal proteins S3 and L16, respectively). One rearrangement resulted in the insertion of the rps3-rpl76 operon downstream of atp9. An independent deletion in this region had eliminated the majority of rps3. In contrast, another rearrangement deleted part of rpl16, whereas rps3 remained intact. RNA gel blot analysis indicated that expression of these genes is also altered as a consequence of the mtDNA rearrangements. Thus, a mutation at the CHM locus affects mitochondrial gene expression, and impaired mitochondrial function may result in the distorted phenotype.
INTRODUCTION
Plant mitochondrial genomes are much larger than those of other organisms , although they contain a similar complement of genes encoding components of the translational machinery and the respiratory chain (Oda et ai., 1992; Wolff et al., 1994; Leblanc et al., 1995) . Nonlethal mitochondrial mutants have been isolated in fungi and algae on the basis of drug resistance or a nonrespiratory phenotype (Costanzo and Fox, 1990; Bennoun et ai., 1992) . In higher plants, however, fewer mitochondrial mutants are known because respiratory dysfunction is considered to be lethal. The most thoroughly studied plant mitochondrial mutations cause cytoplasmic male sterility (CMS), which results in the inability to produce viable pollen. Rather than respiratory defects, CMS mitochondrial genomes contain nove1 chimeric mitochondrial genes that confer the sterile phenotype (Hanson, 1991) .
Another type of mitochondrial mutation, nonchromosomal stripe (NCS), is known and results in poorly growing plants with a pale leaf stripe and sectors of aborted kernels (Newton and Coe, 1986; Newton et al., 1990) . NCS results from a deletion of structural genes, and lack of a mitochondrial gene in a homoplasmic deletion state can be lethal. However, because the mitochondrial genome is polyploid, NCS mutants can be maintained in a heteroplasmic state (i.e., along with a wild-type DNA configuration) in the mitochondrial genome (Hunt and To whom correspondence should be addressed Gu et al., 1993; Marienfeld and Newton, 1994) . Alternatively, homoplasmic NCS materials can be maintained in tissue culture (Gu et al., 1994) . Mitochondrial DNA (mtDNA) rearrangements that are associated with leaf morphology and flower development have also been reported in tobacco mutants derived from protoplast fusion (Kofer et al., 1991; Bonnett et ai., 1993) . For example, a Nicotiana sylvestris CMS mutant that originated from a protoplast culture contained a deletion caused by recombination across adirect repeat (Li et ai., 1988; Chétrit et ai., 1992; Vitart et ai., 1992; Pla et ai., 1995) .
It has been shown that the nuclear genotype strongly affects the recovery of plants bearing heritable changes in the mitochondrial genome. For example, maize NCS mutants arise most frequently in the WF9 nuclear background. Similar observations have been made for a series of mtDNA mutants recovered from wheat embryo cultures (Hartmann et al., 1992) .
In Arabidopsis, the nuclear locus chloroplast mutator (chm) causes green and white variegated sectors in leaves, stems, and flowers ( Figure 1A ). This phenotype is inherited maternally, suggesting that chm introduces a heritable change in one or both organelle genomes (Rédei, 1973; Rédei and Plurad, 1973; Mourad and White, 1992) . Studies by Martínez-Zapater et al. (1992) suggest that chm induces rearrangements in the mitochondrial genome. In this study, we describe a maternally inherited distorted leaf mutant appearing in the progeny of a wild-type plant crossed with a chm plant. Analysis of mtDNA in this mutant revealed two mtDNA rearrangements that included alterations in rps3-rp!16 operon (encoding ribosomal proteins S3 and L16, respectively) and that are strongly associated with the distorted phenotype. Polymerase chain reaction (PCR) analysis suggested that these rearrangements were most likely caused by the preferential amplification of substoichiometric molecules. A possible role for the involvement of CHM in the maintenance of the mitochondrial genome is discussed.
RESULTS

Appearance of Plants with Maternally Inherited Distorted Leaves in the Progeny of a Cross between chm and the Wild Type
To study how mitochondrial mutations affect plant growth and development, we generated Arabidopsis plants in which a mitochondrial genome was mutated but otherwise was the same as those in wild-type plants. To do this, a chm1-3 mutant as a female parent was crossed with a wild-type plant (ecotype Columbia). CHM is located on chromosome 3 and linked to GLABROUS1 (GL1). Therefore, g/7 was used as a visible marker to confirm the cross. As summarized in Table 1 , a variety of phenotypes was observed in the F, progeny. Although normal and variegated plants like both parents were found in certain F, families, other phenotypes, such as albino, yellowish, and distorted plants, were also observed. These phenotypes were not found in the reciprocal cross (MartinezZapateretal., 1992; W. Sakamoto, unpublished data) and suggest maternal inheritance. Among the phenotypes observed, plants with distorted leaves were distinct because they grew very slowly and were smaller than wild-type plants ( Figures  1B to 1G ). Our overall impression of these plants was that they have leaves with a distorted shape and rough surface. The degree of distortion varied among individuals, and severely affected leaves were dark green compared with those of wildtype plants. The plants with distorted leaves tended to be bushy because flower development was aborted and they had more secondary branches. Although most of the F, plants were sterile, plants with viable female organs were occasionally obtained and backcrossed by using wild-type pollen. In the backcrossed BC, generation, the distorted-leaf phenotype was again observed, and phenotypic segregation between normal and distorted-leaf plants appeared to be more strict than in the F, generation. Most of the progeny from the BC, fami-lies showed either a normal or distorted leaf phenotype only. These plants were designated MDL (for maternal distorted jeaf) and are the focus of our study.
Both Mitochondrial and Chloroplast Ultrastructures Are Altered in MDL Plants
The results described above suggest that MDL plants contain a heritable cytoplasmic alteration. Although morphological changes of chloroplasts caused by chm have been described previously (Rédei and Plurad, 1973) , mitochondria have not yet been examined. Therefore, we performed transmission electron microscopic analysis to detect any morphological changes in mitochondria or chloroplasts of MDL plants. In wildtype chloroplasts, well-developed thylakoid mem branes were detected as stacking of the lamellae into grana (Figure 2A) . In MDL plants, we observed relatively reduced grana1 stacking ( Figures 2 8 and 2C ). The chloroplasts of MDL F1 plants were markedly curved, and sometimes we observed ringshaped grana, as reported by Mourad and White (1992) . However, these curved grana were not found in BC, plants, in which the chloroplast structure was similar to that of the wild type, although the development of membrane structure was somewhat reduced.
Mitochondrial morphology was also found to be different in MDL plants ( Figures 2D to 2F ). Mitochondria in wild-type leaves were typically densely stained relative to those of MDL plants, and a well-developed inner membrane and large intermembrane space were also observed. Although we have seen such normal mitochondria in MDL mutants, a significant portion of mitochondria appeared to be nonfunctional because they were not well stained and no inner structure was distinguishable.
mtDNA Polymorphisms in the MDL Mutant
Despite the extensive analyses performed by us and others, no mutations or structural changes have been found in the chloroplast genomes of mutants arising in the chm background.
In contrast, Martínez-Zapater et al. (1992) have shown that chm induces alterations in mtDNA. To determine whether mtDNA is altered in MDL plants, mitochondrial gene-specific probes were prepared and used in DNA gel blot hybridization experiments. As shown in Figure 3 , when arp9 was used as a probe, Severa1 differences were detected between the hybridization patterns of wild-type and MDL mtDNAs. We also used probes for other mitochondrial genes but did not detect polymorphisms (data not shown).
Based on the Arabidopsis mtDNA sequence obtained from ecotype C24 (W. Schuster and M. Unseld, unpublished data), atp9 is located on a 1.7-kb BamHl fragment, and a second copy of atp9 is a pseudogene. In fact, hybridization of DNA from ecotype Landsberg erecra with the arp9 probe predominantly detected two bands of 1.7 and 4.4 kb. The 1.7-kb fragment was not found in MDL even after a long exposure; instead, severa1 other fragments of 11,8.5,8.2, and 5.6 kb were observed. The fragments of 11, 8.5, and 8.2 kb were also detected as minor bands in wild-type Landsberg erecra, whereas the 5.6-kb band could not be detected. The appearance of each of these new bands as well as the wild-type 1.7-and 4.4-kb fragments in the chm plant strongly suggested that these mtDNA alterations were induced by chm. We also examined the polymorphism by using plants showing slightly to severely distorted-leaf phenotypes, and the degree of the MDL phenotype was correlated with the appearance of the MDL-specific fragments along with the concomitant disappearance of the wild-type fragments (data not shown). These results suggest that the mtDNA polymorphisms in MDL plants detected by atp9 were induced by chm and that this rearrangement is associated with the distorted-leaf phenotype.
Although the rearrangement in the mitochondrial genome was localized in the region surrounding atp9, other regions may also have been affected by chm. To investigate the extent of the rearrangements in the MDL mitochondrial genome, we used a set of cosmid clones that cover the entire Arabidopsis master genome (Klein et al., 1994) . Using the cosmid probes, we detected distinct differences with two of the probes. The two regions showing the difference between wild-type and MDL plants coincide with the region containing atp9, rps3, and rp/76. Therefore, mtDNA alterations induced by chm appear to be specific to certain parts of the genome. Below, we first characterize the mtDNA rearrangement in the region containing atp9 (5.6-kb BamHI fragment) and then describe the alteration of the rps3 region (2.3-kb BamHI fragment) specifically found in MDL plants.
The Newly Detected Fragment LMB56 in MDL Mutants Is a Result of Recombination and Deletion
To examine mtDNA rearrangements included in the 5.6-kb BamHI fragment, a genomic library was constructed from MDL mutants and screened using atp9 as a probe. Subsequently, the 5.6-kb BamHI fragment was cloned and sequenced (Figure 4) . The sequence of this fragment, LMB56, was compared with the Arabidopsis wild-type mtDNA sequence, which has been determined by researchers in A. Brennicke's laboratory (M. Unseld, J. Marienfeld, P. Brandt, and A. Brennicke, unpublished data) . The features of this comparison are summarized in Figures 5A and 5B and are described below.
The first 958 bp of the LMB56 sequence are essentially identical to the proximal part of the wild-type 1.7-kb BamHI fragment and include the atp9 gene. However, the LMB56 sequence diverges from that of the wild-type 1.7-kb BamHI fragment beginning at nucleotide 959. A homology search revealed that this region includes the genes for rps3, rp!16, nad9 (encoding subunit 9 of NADH dehydrogenase), and exon d of nad5 (encoding subunit 5 of NADH dehydrogenase). In the wild-type Arabidopsis mitochondrial genome, these genes are localized on 6.1-and 3.4-kb BamHI fragments that map to different locations on the master genome (Klein et al., 1994) . Thus, it appears that LMB56 was derived from recombination between the 1.7-and 3.4-kb wild-type BamHI fragments. Comparison of the putative recombination junction site in LMB56 with the wild-type 3.4-and 1.7-kb fragments indicates the presence of an 11-bp direct repeat sequence, with the exception of a cytosine deletion in the 3.4-kb fragment ( Figure 5B ). In Arabidopsis mtDNA, rps3 is split into two exons, a and b, and the 11-bp direct repeat is included in exon a. Hence, LMB56 in the MDL mutant might have been generated by recombination across a repeat element downstream of atp9 and a similar one in rps3 exon a.
In addition to the recombination event within rps3 exon a, we found an extensive deletion that disrupts rps3 in LMB56. As has been reported for other plant species (Hunt and Newton, 1991; Sutton et al., 1993; Ye et al., 1993; Nakazono et al., 1995) , Total DMA from wild-type Landsberg erecta (WT (Ler)), chm1-3 (chm), and MDL plants was digested with BamHI, separated in an agarose gel, blotted to a nylon membrane, and probed with PCR-labeled afpft The 5.6-kb fragment specifically detected in MDL plants is indicated by an open arrowhead. Total DMAs from an independent F, family (lanes 1 through 3) and a Bd family (lanes 4 through 6) were subjected to hybridization analysis. Molecular lengths are indicated at left in kilobases.
LMB56 Is Also Present at a Substoichiometric Level in Wild-Type Plants
Because the wild-type 1.7-kb BamHI fragment was not detectable in our MDL plants by using DNA gel blot analysis ( Figure  3 ), it appears that the fragment was replaced by LMB56. However, the wild-type mtDNA configuration could be heteroplasmic and maintained at a Substoichiometric level in a manner analogous to the maize NCS and N. sylvestris CMS mutants. To test this possibility, specific primers that could differentiate each DNA configuration were designed, and PCR amplification was performed by using total DNA from wild-type and MDL plants.
As shown in Figure 6A , either primer pair 1 plus 2 or 1 plus 3, which should detect the wild-type-specific or LMB56-specific DNA configuration, respectively, was used for PCR analysis. Figure 6B shows that a fragment of the expected size could be amplified from either MDL or chm DNA by using primers 1 and 2. This indicates that the wild-type DNA configuration is still present in the MDL mtDNA. However, we cannot exclude the possibility that this PCR product corresponding to the wildtype DNA configuration is derived not from the 1.7-kb BamHI fragment but from one of the other fragments (11, 8.5, and 8.2 kb) detected by DNA gel blot analysis ( Figure 3 ). To examine the possibility that the DNA configuration detected in LMB56 is present at a Substoichiometric level even in wild-type plants, DNAs from Arabidopsis ecotypes Columbia and Landsberg erecfa were subjected to PCR analysis by using primers 1 and 3. As shown in Figure 6B , a band of the Deduced amino acid sequences for atp9, rp176, and nad9 are shown below the nucleotide sequence. For atp9, C residues subjected to RNA editing are underlined, and the resulting amino acid changes are indicated. For rp176 and nad9, RNA editing was not examined. The 11-bp direct repeat at the recombination junction site is shown by an open box. The remaining reading frame of rps3 exon a is doubly underlined, and the junction between exon a and the intron is indicated by an open arrowhead. The deletion point between the intron and exon b is indicated by a solid arrowhead. The remaining intron and reading frame of exon b are underlined. Annealing sites for primers used for preparing gene-specific probes are also indicated. The asterisks indicate the stop codons. The DDBJ accession number for this sequence is D82062. expected size could be amplified in both cases, thereby suggesting the presence of the LMB56-specific DNA configuration in the wild-type mitochondria. Quantitative analysis of PCR products by using primers 1 and 2 or primers 1 and 3 showed that the stoichiometry of the LMB56-specific DNA configuration was severa1 hundredfold lower than that of the wild-type DNA configuration (data not shown). These results suggest that the same DNA configuration found in LMB56 is also present in wild-type plants and that the preferential amplification of a substoichiometric DNA configuration has been caused by the chm nuclear mutation.
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Altered Transcript Accumulation for rps3 and rp176
To investigate whether mtDNA alteration induced in MDL plants affected mitochondrial gene expression, RNA accumulation was analyzed. Total RNA was isolated from wild-type and MDL plants and subjected to gel blot hybridization analysis. Genespecific probes for atp9, rps3 exon b, rp176, and nad9 were prepared by using specific primers ( Figure 5A ). Figure 7 shows that the atp9 probe hybridized with a 0.5-kb transcript from both wild-type and MDL RNAs (band c in Figure 7 ). In addition to band c, two transcripts of 2.7 and 1.3 kb (bands a and b, respectively) were detected in chm and MDL plants. RNA gel blots probed with rp176 and nad9 identified transcripts d and f that hybridized with both probes, whereas transcript e hybridized with the rp176 probe only. Considering that neither transcript d nor e hybridized with an rps3 exon b probe (the region not included in LMB56) and that the sizes of transcripts b, d, and e are consistent with the estimated sizes of cotranscripts with LMB56, we propose that transcripts b and e are identical and represent atp9-rp176 cotranscripts and that transcripts a, d, and f are identical and represent atp9-rpl76-nad9 cotranscripts (Figure 86) . To obtain additional evidence for this hypothesis, we performed reverse transcriptase-PCR analysis, and the result, shown in Figure 8A , indicates that the cotranscripts are specifically detected in MDL plants.
A notable observation in the MDL transcription pattern is that although normal transcripts could be detected for atp9 and nad9, the wild-type transcripts for rps3 and rp176 (i.e., the rps3-rp176 cotranscript) could no longer be detected in MDL mutants. In wild-type plants, there are two major transcripts of 3.4 and 2.5 kb detected by both rps3 and rp176 probes. These genes are most likely cotranscribed because their open reading frames (ORFs) overlap and because cotranscription apparently occurs in other plant species. The 3.4-kb mRNA may represent an unspliced transcript, and the 2.5-kb mRNA may be a mature transcript. Accumulation of the 3.4-kb transcript appears to be reduced compared with the 2.5-kb RNA, and indeed we could not detect it using a short probe generated by PCR (see Figure 116) . In MDL plants, we were not able to detect these two transcripts; instead, two minor transcripts of 2.8 and 4.5 kb were detected for rps3 and rp176. The loss of the wild-type mRNAs and the concomitant appearance of MDL-specific mRNAs in chm plants again indicate that the change in the accumulation of these transcripts is associated with the mtDNA alteration induced by chm. Absence of these minor transcripts in wild-type plants implies that there is another genomic alteration in MDL plants, resulting in the (A) Shown are the annealing sites of the primers used for PCR reactions. Annealing sites of primers 1, 2, and 3 are indicated by arrows. X indicates the position of the 11-bp direct repeat sequence. The heavy black line indicates the sequences that originate from the wild-type 3.4-and 6.1-kb BamHI fragments, and the hatched line indicates sequences from the wild-type 1.7-kb BamHI fragment. WT, wild type. (B) Agarose gel electrophoresis of PCR fragments. PCR using total DMA from wild-type Columbia and Landsberg erecta (WT (Col) and WT (Ler), respectively), chm1-3 (chm), and MDL (F, and BC,) plants was performed as described in Methods, and amplified fragments were separated in a 1.5% agarose gel. As a control, plasmids containing the wild-type and MDL afp9 regions (shown as PI (WT) and PI (LMB56), respectively) were also used. Odd-numbered lanes contain PCR products using primers 1 and 2 (which detect the wild-type-specific DNA configuration), and even-numbered lanes contain products from primers 1 and 3 (which detect the MDL-specific DNA configuration). The marker lane contains Haelll-digested 0X174 DNA. The lengths of the amplified PCR fragments are indicated at right in base pairs.
rearrangement in the rps3-rp!16 region, and that these unusual mRNAs are transcribed from the altered DNA configuration (see below).
A Second mtDNA Alteration in MDL Retains rps3 but Disrupts rp!16
As described above, the loss of wild-type mRNA accumulation for rps3-rp!16 suggests a second mtDNA alteration in this operon. To determine whether a second alteration had occurred, DNA gel blot hybridization analysis was performed by using rps3 exon b and rp!16 as probes. The results shown in Figure 9 indicate that other copies of rps3 and rplW are present somewhere in the MDL mitochondrial genome, as evidenced by a 2.3-kb BamHI fragment not identified by the atp9 probe (Figure 3 ), whereas the 6.1-kb BamHI fragment containing the normal rps3-rp!16 operon was not visible in the MDL mutant. This is consistent with the observation that the region, including the rps3-rpl!6 operon, showed a restriction fragment length polymorphism when we used corresponding cosmid probes.
To characterize the mtDNA alteration in detail, a genomic library prepared from MDL plants was screened using the rps3 probe, and the genomic region containing the 2.3-kb BamHI fragment was cloned. Subsequently, the sequence of this fragment (LMB23) was obtained, and a 3' portion of the sequence is shown in Figure 10 . As schematically shown in Figure 11A , sequence analysis of LMB23 revealed that it contains a sequence essentially identical to the corresponding wild-type 6.1-kb BamHI fragment. However, its sequence diverges from that of the wild-type fragment at nucleotide 1836, as shown in Figure 10 . Moreover, in contrast to LMB56, rp/76 was disrupted in the LMB23 fragment, whereas the sequence encoding rps3 remained intact. Our sequence homology search using the LMB23-specific sequence failed to detect any significant homology with known sequences in the data base or with the Arabidopsis mtDNA sequence thus far examined (W. Schuster, unpublished data). Our PCR analysis using LMB23-specific primers showed that, similar to LMB56, the DNA configuration included in LMB23 is present at a substoichiometric level in wild-type plants (data not shown), again suggesting the amplification of substoichiometric molecules in MDL plants. As a consequence of the rearrangement, the first 73 codons for rp!16 are retained in this region, and interestingly, its reading frame extends beyond the BamHI site. Whether this truncated reading frame is translated remains to be examined; however, the presumed amino acid sequence shows no similarity to known protein sequences. Because most of the rps3-rp!16 operon, except for a portion of rp!16, remained in the region included in LMB23, this part of the genome is likely to be transcribed; in fact, the minor transcripts detected by the rps3 probe (Figure 7 ) may be the corresponding mRNAs. To determine whether the mRNAs are transcribed, RNA gel blot analysis was performed using the sequence downstream of rps3 in the BamHI 2.3-kb fragment as a probe ( Figure 11B ). Because the probe was homologous with rp!16, mRNAs of 1.3 and 2.7 kb corresponding to atp9-rp!16 and atp9-rpl16-nad9 cotranscripts were detected in MDL plants. In addition to these mRNAs, two different mRNAs of 2.8 and 4.5 kb were also detected in MDL plants. These mRNAs are identical in length to the two mRNAs hybridized with rps3. These results suggest that 2.8-and 4.5-kb mRNAs specifically observed in MDL plants are transcribed from this region. We also detected a 1.4-kb mRNA in both wild-type and MDL plants. Although it remains to be characterized, this could be transcribed with the sequence downstream of the BamHI 2.3-kb fragment.
Taken together, these results suggest that the mtDNA rearrangements in the MDL mtDNA, one in LMB56 and the other in LMB23, result in splitting the overlapped rps3-rp!16 operon and affecting its gene expression. Altered gene expression, including the appearance of an atp9-rp!16 cotranscript and a novel ORF overlapped by rps3, may influence mitochondrial function and may be responsible for the distorted phenotype.
DISCUSSION
In this study, we have described a maternally inherited mutation in which a rearrangement of the mtDNA (i.e., amplification of substoichiometric molecules) was induced by a recessive nuclear gene, chm, in Arabidopsis. MDL plants are distinguished by poor growth and have distorted leaves and aborted flowering organs. Electron microscopic observation of organelles showed that the mitochondrial ultrastructure is strongly affected in MDL mutants. Because chloroplast structure is also affected, this raises the possibility that chm induces mutations not only in mtDNA but also in chloroplast DNA. However, because mitochondrial mutations have been previously shown to affect chloroplast structure and function (Roussell et al., 1991; Gu et al., 1993) , it is difficult to correlate the morphological change with chloroplast mutations. DNA gel blots were prepared from BamHI-digested total DNA from wild-type Landsberg erects (WT (Ler)), chm1-3 (chm), and MDL (F, and BC,) plants, as described in Figure 3 . The blots were hybridized with PCR-labeled rps3 and rp/76 probes. Molecular lengths in kilobases are indicated at center. GTACAGGTAC > A C CTTGTCT TAGAAC CACT G CCTTAA ttt***t*tttt**tt***.*****.*~**~..**********,.*~***"**~*."***.******,,*..*.******
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A A A A A A G G C A G A C G~C T A T A T C C G A A A C G T A C G T A C G~T A T A G T~T A T C G T~~C A G A T G T A G T A G G G G T T G C~C
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I
D G T K L Q P G R Y G T K S C L G V V Y Y F L V F I C C D A T G O T A C~C T O D C T T T T G C A A O A T A T A T~A C T~G T T G T T~~~T A T A T T A C T T T C T T G T T T T C A T A
CGGATCGTACAAAACTGGGTTTTGGAAGATA?Y;GCACTA~GCACTAAAAGTTGT~GC~TCGTCTTTCATATCGAGCCATTG~ *t**t*+**ttt**tt******.***********.****~..~..** The nucleotide sequence of LMB23 (LMB23, top) and the homologous sequence of the wild-type 6.1-kb BamHl fragment (WT6.1, bottom) are shown. For LMB23, the nucleotide sequence from 1308 to 2134 is shown. Sequence homology between LMB23 and the wild-type 6.1-kb BamHl fragment is indicated by asterisks. Nucleotide and amino acid sequences that are homologous to rp176 in LMB23 are shown by boldface letters. A part of the sequence encoding fps3 exon b (shown as rps3 Exon 3) is underlined. A stop codon for rps3 exon b is indicated by a solid arrowhead. The presumed initiation site of a new ORF (shown as ORF) is indicated by an arrow, and the deduced amino acid sequence in LMB23 is shown on top of the nucleotide sequence. An annealing site for primer 7 is also indicated. The DDBJ accession number for this sequence is D84192.
GCAGCGCGTCGGGCTATAATCGGACAC V V P Q V D L P A D T E G N E I A L N P S V S S L Y N
TGTCGTTCCACAGGTAGACC~CCTCCCGATACGATACGGAGGGT~CGAGATTGCTCTC~TCCCTCCGTATCGTCGT~TACA
E I E S S D S L R A R N R L L S E S W E R V E G T E A C G A A A T A G A G A G T T C C G A C T C T T T A C G
electron microscopic analysis, the ring-shaped grana that are characteristic of variegated chm plants were found predominantly in F1 MDL plants, whereas chloroplasts from BC, plants had normal grana1 stacking. This raises the possibility that a heritable change'was also induced in chloroplasts but that this mutation sorted out in the BC1 generation, because in contrast to mitochondrial genomes, chloroplast genomes rarely maintain heteroplasmy. We show that in MDL plants, mtDNA polymorphisms detected by atp9, rps3, and rp176 are strongly correlated with the distorted leaf phenotype. Characterization of the two MDLspecific mtDNA fragments, LMB56 and LMB23, showed that the overlapped rps3-rpl76 operon normally present in wild-type plants does not exist at a substantial level in MDL plants but rather that these two genes are split and expressed under a nove1 DNA configuration. Because complete lack of S3 and L16 ribosomal proteins can be lethal to plant growth, accumulation of these unusual cotranscripts in MDL plants may allow S3 and L16 ribosomal prdteins to be expressed. Although how the S3 and L16 proteins are synthesized in MDL plants remains to be determined, the altered expression of these ribosomal proteins may compromise mitochondrial function and thus can be responsible for the distorted phenotype. Alternatively, the wild-type rps3-rpl76 operon present at a substoichiometric level could provide sufficient drive for the synthesis of these ribosomal proteins so that the mutants could survive, as is the case with the NCS mutants.
Characterization of LMB56 showed that a recombination event mediated by an 11-bp direct repeat placed an rps3-rpl76 operon downstream of atp9. Among maize NCS mutants in which mtDNA alterations have been characterized, NCS3 is reminiscent of this rearrangement in MDL (Hunt and Newton, 1991) . In NCS3, a 16-kb Xhol fragment responsible for the phenotype was generated by recombination between short direct repeats. This recombination event was accompanied by the deletion of rps3 exon a and part of its intron, eliminating an rps3-rp!16 cotranscript. As in NCS3, a promoter for the rps3-rp!16 operon appears to have been deleted in MDL, but for rp!16, cotranscription with atp9 may allow its expression. Recombination mediated by short direct repeat sequences in the mitochondrial genome has been suggested to play a role in generating heterogeneous molecules in plant mitochondrial genomes (Small et al., 1989; Fauron et al., 1990 Fauron et al., , 1995 Hartmann et al., 1994) . Involvement of repeated sequences in mitochondrial mutations has also been reported in humans (Wallace, 1992) .
Compensating for the deletion in LMB56, the second rearrangement in LMB23 retains an intact rps3 gene, whereas the overlapped rp/76 is disrupted by an unknown sequence. As a consequence, truncated 65 amino acid sequences create a new ORR Although expression of this truncated protein remains to be characterized, production of such an unusual protein, along with altered expression of rps3 and rp/76 genes, could be detrimental to mitochondrial function and could cause the distorted phenotype. Chimeric genes of unknown origins that cause the male sterile phenotype have been characterized for many plant species (reviewed in Hanson, 1991) . Although DNA blot analysis suggests that mtDNA rearrangements have occurred in MDL plants, PCR analysis suggests that preexisting DNA fragments were amplified through the action of chm. Although we have not fully mapped the mitochondrial genome of MDL, one possibility is that the loss of a functional CHM protein severely reduces the levels of master genomes in favor of subgenomic molecules. Although these subgenomes together may still maintain all of the genetic content of the mitochondrial genome, expression of mitochondrial genes could be compromised.
Nuclear genes affecting mtDNA organization have been investigated in other plants. In a common bean CMS strain, sterility is associated with a specific mitochondrial region termed pvs (Mackenzie et al., 1988; Mackenzie and Chase, 1990) . A protein synthesized from this region seems to be associated with the CMS phenotype (Johns et al., 1992; Abad et al., 1995) . Sterility is restored by the introduction of a dominant nuclear gene Fr (Mackenzie and Bassett, 1987) . Fr appears to act by causing the specific loss of the pvs sequence from the mitochondrial genome. Comparative cosmid mapping of fertile and CMS mtDNAs suggests that the pvs region is encoded in a subgenomic autonomously replicating molecule (Janska and Mackenzie, 1993) . We propose that CHM in Arabidopsis has a function similar to Fr in common bean. Namely, CHM is required either for maintaining a high level of a master chromosome that contains the complete genetic information or for eliminating unusual molecules that result in physiological deficiencies, such as male sterility or variegation. Although we were not able to confirm the presence of LMB56 and LMB23 fragments in a subgenomic molecule, two observations support this notion. First, we have searched for the other part of the recombination product with respect to the LMB56-specific DNA configuration, but such molecules were not detected using PCR amplification with specific primers (data not shown). Second, LMB56 and LMB23 are present at a substoichiometric level in wild-type mitochondria, suggesting that it exists apart from the main genome. Finally, based on the physical map of Arabidopsis mtDNA in ecotype C24, LMB56 and LMB23 are not localized in the master genome.
The function of CHM and other nuclear products affecting mitochondrial genome organization remains to be determined. It is possible that these proteins interact with a specific region of mtDNA and preferentially maintain master molecules. Although proteins that interact with mtDNA have not been reported in plants, a 130-kD protein binding to a certain portion of chloroplast DNA has been found in pea (Sato et al., 1993) . This protein is considered to be a component of chloroplast nucleoid and, more interestingly, is localized on inner membranes of dividing chloroplasts. CHM may encode a similar type of protein, and if so, binding of certain types of molecules to the mitochondrial membrane may secure the distribution of master molecules along with mitochondrial division.
METHODS
Plant Materials
The chlorop/astmutator(chm) of Arabidopsis thaliana (chml-3, glabrousl [gH] , Landsberg erecta background) was provided by the Arabidop sis Biological Resource Center (Ohio State University, Columbus). Arabidopsis ecotypes Columbia and Landsberg erecta and chm plants were grown in soil at 2OoC in a growth chamber with 14 hr of light/lO hr of dark. F, and backcrossed BC, seeds were sterilized and first germinated on agar plates containing MS medium (Murashige and Skoog, 1962) supplemented with 1% sucrose. Phenotypes were scored 2 to 3 weeks after planting seeds. Plants that were -3 weeks old and had the distorted leaf phenotype were placed in soil and moved to a growth chamber. Plants that were -5 to 6 weeks old were used for DNA and RNA isolation.
Electron Microscopic Observation
For ultrathin sectioning, small pieces of leaves from wild-type (ecotype Columbia) and MDL (for maternal distorted jeaf) plants were first fixed with 3% glutaraldehyde and then postfixed in 1% osmium tetroxide, both in phosphate buffer, pH 7.0. Fixed samples were dehydrated in an ethanol series and embedded in Epon 812 resin (Luft, 1961) . Ultrathin sections were prepared with artificial diamond knives by using an Ultracut N ultratome (Reichert-Nissei, Tokyo, Japan), and the sections were stained with uranyl acetate and lead citrate before examination in an electron microscope (model H-7000B; Hitachi, Tokyo, Japan).
Nucleic Acid Extractions and Gel Blot Analysis DNA was isolated from whole plants as described by Dellaporta (1983) . For restriction enzyme digestion and genomic library construction, DNA was further purified by polyethylene glycol precipitation. Digested DNAs were separated in 0.7% agarose gels and blotted onto nylon membranes (Hybond-N; Amersham), as described by Sambrook et al. (1989) . Blots were fixed by baking at 100°C for 1 hr. RNA was isolated as described by Logemann et al. (1987) . Briefly, plants were ground with a mortar and pestle, using liquid nitrogen. The powdered tissue was mixed with guanidine buffer (8 M guanidine-HCI, 20 mM Mes, 20 mM EDTA, 50 mM p-mercaptoethanol, pH ZO), and RNA was extracted severa1 times by phenol-chloroform extractions. One-fifth volume of 1 M acetate was added to the mixture, and RNA was ethanol-precipitated. The RNA pellet was washed twice with 70% ethanol and once with 3 M sodium acetate, pH 5.2, and then dissolved in sterilized water.
For RNA gel blot analysis, 5 pg of RNA samples was separated in a 1% denatured formaldehyde-agarose gel, blotted, and fixed as described above. DNA and RNA gel blot hybridizations were performed using a digoxigenin labeling and detection system (Boehringer Mannheim), and chemiluminescent signals from CSPD (Stratagene) were detected by x-ray film (Fuji, Tokyo, Japan). Probes for hybridization analysis were labeled by polymerase chain reaction (PCR), and the primers used for PCR reactions are listed in Table 2 . The following primers were used for generating gene-specific probes: primers 1 and 4 for atp9; primers 5 and 6 for rps3 exon b; primers 7 and 8 for rp176; and primers 9 and 10 for nad9. To generate a LMB23-specific probe, primer 7 and a T3 custom primer were used. Cosmid clones used for DNA gel blot hybridization (Klein et al., 1994) were A20, A80, C29, 825, A76, C49, 869, C42, D40, C13, 835, A71, A85, A34, A94, C33, and F40.
Cloning and Sequencing
To generate h genomic libraries, total DNA from wild-type (ecotype Landsberg erecta) and MDL plants was partially digested with Sau3Al and ligated to BamHI-digested EMBL3 vector arms (Stratagene). The ligation mixtures were packaged in Gigapack II packaging extracts (Stratagene). Approximately 2 x 104 plaques were screened by using the PCR-labeled atp9 regions as a probe. h DNA was isolated according to the methods described by Sambrook et al. (1989) . A h clone containing a 5.6-kb BamHl fragment that hybridized with the atp9 probe was screened, and the 5.6-kb BamHl fragment was subcloned into pBluescript SK+ (Stratagene). For cloning a 2.3-kb BamHl fragment, the library was screened using the PCR-labeled rps3 probe. To sequence the fragment, a series of nested deletion clones was constructed using exonuclease 111. DNA sequencing was performed by using a fluorescent dideoxy nucleotide sequencing system, Dye Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), and an automated DNA sequencing system, ABI 373A DNA sequencer (Applied Biosystems). The sequences were analyzed using GENETYX-MAC version 7.3 (Software Development Corp., Tokyo, Japan).
PCR Analysis
For PCR analysis using total DNAs, the following standard conditions were used: denaturation at 94OC for 1 min, annealing at 65OC for 1 min, and extension at 72OC for 1 min (30 cycles). The reaction was rp176 (3') nad9 (5') nade (3') performed in a mixture containing 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCI2, 0.001% (w/v) gelatin, 0.05% Nonidet P-40, 0.05% Tween 20,0.2 mM deoxynucleotide triphosphates, and 0.5 units of AmpliTaq DNA polymerase (Perkin-Elmer), along with DNA template and appropriate primers. These conditions were used for labeling probes for gel blot hybridization analysis, except that the concentration of dTTP was reduced to 0.13 mM and 0.07 mM digoxigenin-11-dUTP was added. For reverse transcriptase-PCR analysis, RNA samples were incubated with RNase-free DNase I (Boehringer Mannheim) for 30 min at 37OC before the reaction. RNA was phenol-extracted and precipitated with ethanol. Five micrograms of RNA was mixed with the PCR standard reaction described above (without AmpliTaq DNA polymerase) and incubated at 70°C for 15 min. After preincubation at 5OoC for 5 min, 200 units of Moloney murine leukemia virus reverse transcriptase (Gibco BRL) was added to 50 pL of the reaction, and incubation was performed for an additional30 min. One unit of AmpliTaq DNA polymerase was added to the mixture, and PCR was performed under the conditions described above.
